We exist in a physical world, and cells within biological tissues must respond 23 appropriately to both environmental forces and forces generated within the tissue to 24 ensure normal development and homeostasis. Cell division is required for normal 25 tissue growth and maintenance, but both the direction and rate of cell division must be 26 tightly controlled to avoid diseases of over-proliferation such as cancer. Recent 27 studies have shown that mechanical cues can cause mitotic entry and orient the 28 mitotic spindle, suggesting that physical force could play a role in patterning tissue 29 growth. However, to fully understand how mechanics guides cells in vivo, it is 30 necessary to assess the interaction of mechanical strain and cell division in a whole 31 tissue context. In this mini-review we first summarise the body of work linking 32 mechanics and cell division, before looking at the advantages that the Xenopus 33 embryo can offer as a model organism for understanding: 1) the mechanical 34 environment during embryogenesis, and 2) factors important for cell division. Finally, 35
we introduce a novel method for applying a reproducible strain to Xenopus embryonic 36 tissue and assessing subsequent cell divisions. 37 division, we generally refer to mechanisms that orient the mitotic spindle in the stages 60 leading up to anaphase, focusing in particular on metaphase. 61
62
The external mechanical microenvironment has been convincingly shown to be an 63 important cue for division, playing a role in determining both division rate and 64 orientation in cells in culture. For example, individual cells grown on micropatterned 65 fibronectin substrates that bias cell shape align their mitotic spindle with the longest 66 axis of the cell (Thery et al., 2005) , this spindle alignment is potentially due to biased 67 placement of cortical cues. Indeed, a study in which micropatterns specifically biased 68 the placement of stress fibres rather than cell shape suggested that spindle orientation 69 could be a consequence of anisotropic forces produced by stress fibres attached to the 70 substrate pattern (Thery et al., 2007) . Moreover, the direct application of tensile force 71 . The decision to re-enter the cell cycle when a monolayer is stretched 76 may be based on a decrease in cellular density: a stretched monolayer will re-enter the 77 cell cycle via G1-S phase transition, whereas cell cycle progression is halted in a 78 compressed monolayer if cell density is increased above a certain threshold (Streichan 79 et al., 2014) . All the of the examples discussed so far focus on cells cultured on a 80 flexible substrate, therefore relying mainly on cell-matrix adhesions to transmit forces 81 produced when the substrate is stretched. However, work on a suspended epithelial 82 monolayer with only cell-cell adhesions, found that, similar to the cells grown on a 83 substrate, cells elongated by stretching the suspended epithelium also orient divisions 84 along their longest axis, easing tension across the monolayer (Wyatt et al., 2015) . 85
Together, these studies make a convincing case that cultured cells sense their 86 mechanical environment and can respond to those cues. . Tension on a cell can change its geometry and elongate it, and it has long been 94 noted that elongated cells preferentially divide along their long axis, a phenomenon 95 known as Hertwig's rule (Hertwig, 1893) . Both astral microtubules of the mitotic 96 spindle and the actin cytoskeleton are thought to play roles in aligning the mitotic 97 spindle with cell shape (Fink et al., 2011; Kunda and Baum, 2009; Minc et al., 2011) . 98
The importance of astral microtubules for orienting the spindle with cell shape has 99 been demonstrated by pushing single-celled sea-urchin zygotes into differently shaped 100 micro-fabricated wells (Minc et al., 2011) . In this system it is possible to explain the 101 orientation of the spindle to cell shape using a simple model where astral 102 microtubules probe the cell space and exert pulling forces on the spindle proportional 103 to their length (Minc et al., 2011 Nayal et al., 2004) . Within a tissue many more cues are available to cells in 114 addition to geometry, though geometry may be actively or passively involved in the 115 spatial arrangement of these cues. NuMA, a protein known to be involved in orienting 116 the mitotic spindle via interaction with the microtubule motor dynein (reviewed in 117 (Kotak and Gonczy, 2013) , is enriched at tricellular junctions within Drosophila 118 pupal notum epithelium, and the position of tricellular junctions is a reliable 119 determinant of division orientation (Bosveld et al., 2016) . Therefore cell junctions 120 could be important for spindle orientation, however, the mechanism by which NuMA 121 is enriched at tricellular junctions is not yet clear. Separating the contribution of cell 122 geometry and force to mitotic spindle orientation is challenging, especially within a 123 complex 3D tissue with a mixture of chemical and mechanical cues. To do so requires 124 both an ability to quantify the mechanical environment that cells experience in a 125 tissue, and an ability to manipulate the molecular candidates that may be involved in 126 mechanotransduction of these physical environmental cues. 127
128
There are currently only a few studies on the role of mechanical stress on cell division 129 in native tissues. Anisotropic forces were mapped by laser ablation and mathematical 130 modeling during zebrafish embryo epiboly to show that mitotic spindle orientation 131 aligns with a global stress patterns in the tissue and that this aids epiboly progression 132 (Campinho et al., 2013) . Mechanical forces present during development and growth 133 of the Drosophila wing imaginal disc have also been studied to understand how 134 proliferation and growth of the wing disc can be tightly controlled to form the adult 135 wing (Legoff et al., 2013; Mao et al., 2013) . Strain levels across the wing disc were 136 mapped and shown to correlate with cell shape and the orientation of cell divisions. 137
This varying level and orientation of stresses has been hypothesised to be critical for 138 normal growth and morphogenesis of the wing disc (Legoff et al., 2013) . Although 139 there are reliable protocols for embryo culture and manipulation (Sive et al., 2000) . simply be added to the embryo media (Wheeler and Brandli, 2009 
Methods for investigating mechanical stress in Xenopus 174
There is a long tradition of using embryos of Xenopus and other amphibians to study 175 morphogenetic movements and changes in cell shape during embryogenesis and 176 gastrulation (Keller et al., 2003) . However, many methods to quantify the mechanical 177 properties and stresses of embryonic tissue have only been developed more recently 178 (Campas, 2016) . Now, many techniques are available to study the mechanical 179 properties of Xenopus embryonic tissues (Summarised in Table 1 ). Here we will 180 group them into methods that locate and compare the level of anisotropic stresses 181 within and between tissues, methods to determine the mechanical properties of tissue, 182 and methods to measure the force produced by tissues. 183 184
Methods to map anisotropic forces in Xenopus 185
To begin to understand how forces act in the embryo or a developing tissue to pattern 186 growth and morphogenesis, the location and magnitude of these forces needs to be 187 mapped. Initially this was achieved by simply cutting into the embryo with a blade. 188
The speed and direction that the tissue retracts gives an indication of the level and 189 direction of tension in the tissue, and can be used to map global stresses in the embryo 190 Xenopus, a FRET-tension sensor inserted into α-actinin, an F-actin cross-linking 233 protein, has been used to show that α-actinin complexes are under more tension in 234 precursor neural ectoderm than in precursor epidermal ectoderm in the intact 235 developing embryo (Yamashita et al., 2016) . These methods to visualise and map 236 patterns of tension provide valuable insights on the mechanical environment across a 237
tissue, but to fully understand how mechanics affects cell behaviour we need to be 238 able to quantify the mechanical properties of the tissue. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Xenopus biomechanics and cell division higher level of "fluidity" in the tissue (David et al., 2014) . This method also relies on 276 cutting explants from the embryo, or dissociating embryonic cells to form aggregates, 277 but can be used with early stage tissues that do not maintain their shape after 278
Microaspiration has also been used to change the geometry or apply directional strain 287 to Xenopus epithelia (Chien et al., 2015) . 288
289
Microaspiration-, centrifugation-, and creep-based methods all apply known forces to 290 the embryonic tissue to measure its mechanical properties. Viscoelastic properties 291 measured by these methods may be considered "passive" responses but still reflect 292 biological processes active in the embryo. Since these measurements are typically 293 made over a short time span they are not able to evaluate the ability of embryonic 294 tissues to produce directed forces that drive morphogenetic movements. 295
296
Methods to measure forces produced by embryonic tissues 297
A Xenopus embryo develops without the aid of externally applied forces (except 298 gravity and osmotic pressures) and so, to truly understand how the mechanical 299 environment changes over developmental time, it is important to understand the 300 forces produced by the embryo during growth and morphogenesis. 301
302
Force production over long time-scales can be accurately measured using a calibrated 303 cantilever: if embryonic tissue pushes or pulls against the cantilever, the force 304 produced by the morphogenetic movement can be determined by the distance the 305 cantilever moves. Calibrated cantilevers have been inserted into Xenopus embryos to 306 directly measure the forces driving blastopore closure (Feroze et al., 2015) . 307
Cantilevers have also been used to measure forces produced by extending Xenopus 308 tissue explants (Moore, 1994) . Additionally, a cantilever placed in the path of a 309 Xenopus biomechanics and cell division migrating leading edge mesoderm explant was used to quantify the force produced by 310 these cells during gastrulation . Both the previous studies measured 311 pushing, or compressive forces; a pulling or tension force can be measured by the 312 'tractor-pull' assay, which was used to quantify the force produced by cell 313 intercalation during convergent extension movements in a giant explant (Pfister et environment of the tissue is understood, the next logical step is to ask how this affects 336 the behaviour of cells within that tissue. In the next section we discuss methods that 337 allow one important aspect of cell behaviour to be studied in Xenopus: cell division. 338 339
Methods for investigating mitosis and cell division in Xenopus 340
Over many years, Xenopus has proved to be a key model system for the study of the 341 cell cycle, mitotic and meiotic spindles and cell division. A great strength is the 342 ability to combine in vitro Xenopus egg extract work with in vivo studies in the 343 history of cell cycle research makes Xenopus a perfect system for further analysis of 347 mitosis and cell division, for example in relation to the role of external mechanical 348 force in these processes. Here, we outline some of the major approaches and findings 349 in the study of cell cycle and cell division in Xenopus, with a view to how they might 350 contribute to furthering our understanding of force and cell division. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Xenopus tropicalis are all considerably smaller than Xenopus laevis, and this size 382 difference is maintained for spindles and nuclei in extracts. By comparing these two 383 systems, much has been learnt about the size control of these organelles, for example 384 nuclei size is regulated by differing nuclear import rates between the two Xenopus 385 species (Levy and Heald, 2010), while spindle size differences are due, at least in 386 part, to differences in the phosphorylation state of the microtubule-severing enzyme, 387 katanin (Loughlin et al., 2011) . 388
389
As outlined here, the use of Xenopus egg extracts has been key to identifying the 390 molecular components required for spindle and nuclei assembly and cell cycle 391 progression. However, a next important step is to understand how these processes are 392 controlled in vivo, especially within the context of a complex developing tissue. 393
394

Imaging mitosis and cell division in vivo using Xenopus 395
The vast knowledge and array of reagents (especially Xenopus specific antibodies) 396 built up through the study of the cell cycle, spindle and nuclei assembly using egg 397 extracts provides a great background for the study of these processes in vivo in 398
Xenopus. Although Xenopus has previously been thought of as a system that is not 399 ideally suited to live imaging, due to the opacity of the embryo, recent advances have 400 demonstrated that mitotic spindles and cell division can be imaged live and at high 401 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In this section we have described how Xenopus offers a powerful system to 477 understand mitosis and cell division across biological scales, from molecular 478 components and their regulation all the way up to roles for cell division in fate 479 We have described the strengths of Xenopus as a system to study both biomechanics 487 and cell division. An obvious next step is to combine these strengths to investigate 488 when and how mechanical force influences cell division, especially in complex 489 developing tissues. Recent studies, the vast majority performed in cultured cells, have 490 already indicated that mechanical strain alters division rate and division orientation. 491
However, the molecular mechanisms linking strain and cell division remain unclear, 492 even in single cells, and we understand even less how force and division are 493 coordinated in vivo in complex tissues. The Xenopus embryo offers an excellent 494 opportunity to cross these scales -with the ability to address both molecular 495 mechanism and in vivo relevance in a single system. 496
497
An important first step in understanding how mechanical force regulates cell division 498 in tissue is the development of tools to reproducibly deform 3D tissue and 499 simultaneously image and analyse cell division. To date this has been achieved for 500 simple cultured cell monolayers, but not complex tissues. Xenopus animal cap 501 explants offer a great opportunity to bridge this gap, since they provide a resilient 502 epithelial tissue that maintains its 3D multi-layered in vivo structure when cultured for 503 short periods of time (we have tested up to 5 hours from dissection in our 504 experiments). Using animal caps, we have developed a system to apply reproducible 505 stretch or compression to tissue (Figure 1 ). Animal caps are dissected from early 506 gastrula stage embryos and cultured on an elastomeric silicon-based (PDMS) 507 membrane coated with fibronectin. Animal caps are dissected and adhered to the 508 PDMS membrane using a protocol similar to that described previously (Joshi and 509
Davidson, 2010), adherence takes only 2 hours and the 3D in vivo structure of the 510 tissue is maintained. The PDMS substrate is then mounted on a computer controlled 511 biaxial stretcher that can apply strain along one or both axes (Deben UK). 512
Compression can also be applied using this system, by adhering the tissue to an 513 the epithelium recorded by time-lapse microscopy, allowing the effect of mechanics 517 on cell shape, division rate and orientation to be assessed (Figure 1 ). To investigate 518 potential molecular mechanism, the tissue can be manipulated prior to stretching, for 519 example morpholino oligonucleotides can be injected into the embryo at the 2-4 cell 520 stage to knock down candidates involved in mechanosensation. In this way, the role 521 of mechanical regulation in cell division can be molecularly dissected in the context 522 of a 3D tissue. 523
524
An ex vivo system such as that described above will be an important aid to 525 understanding the molecular machinery involved in linking cell division and 526 mechanical force in tissue. However, an ultimate goal will always be to take what we 527 learn from these systems and explore how they apply in vivo. As described in the 528 previous sections, the Xenopus embryo offers an ideal system to investigate both cell 529 division and biomechanics in vivo and the significance of mechanical control in tissue 530 self-assembly. A first step will be to use methods such as laser ablation and strain 531 mapping to infer force across proliferating tissue in vivo and integrate this with 532 information about division rate and division orientation obtained from live imaging. 533
Knockdown of mechanosensing candidates gleaned from ex vivo work could then be 534 used to test functionally how mechanical force and cell division are linked in vivo. 535
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Yes Explant cut
Insertion of cantilevers into embryo (Feroze et al., 2015) Morphogenetic movements of blastopore closure push directly on inserted cantilever
Force produced during blastopore closure
Whole embryo Yes No
Tractor pull assay (Pfister et al., 2016) Covergence and extension of explant pulls on sled and moves cantilever
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